The complete mitochondrial genome (mitogenome) of the fall webworm, Hyphantria cunea (Lepidoptera: Arctiidae) was determined. The genome is a circular molecule 15 481 bp long. It presents a typical gene organization and order for completely sequenced lepidopteran mitogenomes, but differs from the insect ancestral type for the placement of tRNA
Introduction
The fall webworm, Hyphantria cunea Drury (Lepidoptera: Arctiidae), is a severe invasive and quarantine pest which has a wide range of habitats. It is a polyphagus pest that feeds on about 160 species of broad leaf trees. The preferred host plants include mulberry, oak, hickory, pecan, walnut, elm, alder, willow, sweetgum, and poplar. This insect has caused serious damage to forests throughout its range and appears to be continuing to spread. It also damages the roadside and garden trees around urban areas. The species was introduced from North America to Central Europe and Eastern Asia in the early 1940s [1, 2] . In China, this species was first found in Dandong (124°N/40°E) of Liaoning Province in 1979, and now has spread southwards to Shanghai (129°N/31°E) and westwards to Xianyang (108°N/34°E) of Shanxi Province. The southern populations in China may complete three generations in one year, while in the north the fall webworm completes only one life cycle. Many studies have been done on aspects of adaptability, sex pheromones, host preference and natural enemies of the fall webworm [3] . As H. cunea is a devastating invasive species, the mitochondrial genome (mitogenome) information of the species may provide fundamental information for future phylogenetic analyses and evolutionary biology.
Insect mitochondrial DNA (mtDNA) is a circular DNA molecule with 14-20 kb in size and has a remarkably conserved set of 37 genes, including 13 protein-coding genes (PCGs; subunits 6 and 8 of the [4, 5] . It additionally contains a control region of variable length, known as the adenine (A) + thymine (T)-rich region in insect mtDNA, which is involved in the regulation and initiation of mtDNA replication and transcription [6] . The mitochondrial genes and genomes have been widely used as an informative molecular marker for diverse evolutionary studies of animals, including phylogenetics and population genetics [7] [8] [9] , with the development of long range PCR for amplification of partial sequence of mtDNA genes and whole mitochondrial genome [10] .
At present, the complete or nearly complete mitogenome sequences from more than 100 species of insects have been determined. However, only 19 complete or nearly complete mitogenomes are currently available in the GenBank for lepidopteran species ( Table 1 ). The Ostrinia sequences each lack the sequence information of the A+T-rich region, partial tRNA Met and srRNA sequence. The L. chinensis and P. xuthus sequences each lack the sequence information of the partial srRNA, A+T-rich region, tRNA Met-Ile-Gln , and partial ND2. Within the insects, the Lepidoptera order accounts for more than 160 000 species. Despite this huge taxonomic diversity the existing information on lepidopteran mtDNA is very limited and limited to six superfamiles among the 45-48 known and to 13 families of the recognized 120. Newly added lepidopteran mitogenomes can provide further insights into our understanding of diversity of lepidopteran mitogenomes and evolution. The H. cunea mitochondrial COI, COIII and Cytb have been utilized for biological identification as DNA barcode and phylogenetic studies [25, 26] , but the genetic information on the complete mtDNA of the species remains largely unknown. In this study, we describe the complete mitogenome sequence of the fall webworm, H. cunea, and compare its sequence with other available lepidopteran mitogenomes. Furthermore, the mitogenome sequence of H. cunea was used to provide further insight into the phylogenetic relationships among lepidopteran superfamilies.
Materials and Methods

Insect and total DNA extraction
The H. cunea larvae were collected on the mulberry trees on the campus of the Shenyang Agricultural University, Shenyang, China. The larvae were then fed on the leaves of mulberry trees in room until pupation. The fresh pupae were directly frozen and kept in the laboratory at -80 °C. A single pupa was used to extract the total DNA using the TIANamp Genomic DNA Kit (TIANGEN, Beijing, China) according to the manufacturer's instruction.
PCR amplification and sequencing
The full mitogenome of H. cunea was amplified in four overlapping fragments by PCR amplification using universal primers and specific primers designed for this study ( Fig. 1; Table 2 ). All PCR reactions were performed in a 50 μl volume with 1 U of LA Taq (TaKaRa Co., Dalian, China), 1 μl (about 20 ng) of DNA, 5 μl 10 × LA Taq buffer (Mg 2+ plus), 200 μM dNTPs, and 10 pmol each primer. Initially, the H. cunea COI gene of ~600 bp was amplified using the primer set LYQ1/LYQ2 as previously reported [25] , and the Cytb gene of ~400 bp was amplified using the primer set LYQ5/LYQ6 as previously reported [27] . The PCR amplification was performed under the following procedure: 2 min at 94 °C, followed by 35 cycles of 1 min at 94 °C, 30 sec at 50 °C, and 1 min at 72 °C, with a subsequent 10 min final extension at 72 °C. After purification with TIANgel Midi Purification Kit (TIANGEN, Beijing, China), the PCR fragments were directly sequenced with the PCR primers. On the basis of the information from the determined fragments, two new primer pairs LYQ29/LYQ32 and LYQ30/LYQ31 were designed to amplify the remaining longer fragments of the mitogenome of H. cunea (F3 and F4 in Fig. 1 and Table 1 ). The two fragments were amplified with denaturation at 94 °C for 2 min, followed by 35 cycles of 1 min at 94 °C, 10 min at 65 °C, with a subsequent 10 min final extension at 72 °C. These PCR products were then utilized to construct a shotgun sequencing library. In brief, DNAs were sheared into 1-3 kb fragments using DNase I, and the DNA fractions were collected with a Chromaspin TE 1000 column. The DNA fractions were then cloned into the pGEM-T easy vector (Promega, USA), and each of the resultant plasmid DNAs was isolated with a Wizard Plus SV Minipreps DNA Purification System (Promega, USA). DNA sequencing was conducted using the ABI PRISM BigDyeTerminator v3.1 Cycle Sequencing Kit and the ABI PRISMTM 3100 Genetic Analyzer (PE Applied Biosystems, USA). All fragments were sequenced from both strands. The number of clones sequenced was sufficient to fulfill the six times coverage of the mitogenome.
Sequence analysis
The sequence alignment was carried out using Clustal X [28] . The PCGs and rRNA genes were determined by BLAST on NCBI Entrez Database and by comparing them with homologous regions in other lepidopteran mitogenome sequences. The PCG nucleotide sequences were translated on the basis of the Invertebrate Mitochondrial Genetic Code. The tRNA genes and its secondary structure were predicted using the tRNAscan-SE Search [29] . The two tRNA Ser secondary structure not found by tRNAscan-SE Search was developed using the constraints proposed by Steinberg and Cedergren [30] . Composition skew analysis was carried out to describe the base composition of nucleotide sequences, which measures the relative number [31] . Codon usage was calculated using the Countcodon program version 4 (http://www.kazusa.or.jp/codon/ countcodon.html). The entire A+T-rich region was subjected to a search for the tandem repeats using Tandem Repeats Finder program [32] . The sequence data has been deposited in GenBank under accession No. GU592049.
of As to Ts (AT skew=[A-T]/[A+T]) and Gs to Cs (GC skew=[G-C]/[G+C])
Phylogenetic analysis
To illustrate the phylogenetic relationship of Lepidoptera, the other complete mitogenomes were obtained from GenBank. The L. chinensis and P. xuthus sequences lacking more sequence information were excluded. The mitogenomes of Drosophila yakuba (NC_001322) [33] and Anopheles gambiae (NC_002084) [34] were used as outgroups. The alignment of the amino acid sequences of each 13 mitochondrial PCGs was aligned with Clustal X [28] using default settings and concatenated. As for the ND4 genes, the insertion of A nucleotide in O. furnacalis (position 8211 bp) and O. nubilalis (position 8206 bp) resulted in transcript frameshifts [13] , the amino acid sequences of which were therefore revised for further phylogenetic analyses. The concatenated set of amino acids sequences from the 13 PCGs was used in phylogenetic analyses, which was performed using maximum parsimony (MP) and Nerghbor-joining (NJ) methods by using MEGA ver 4.0 [35] .
Results and Discussion
Genome organization
The H. cunea mitogenome presents the typical gene content observed in metazoan mitogenomes (Table 3 , Fig. 1 ): 13 PCGs, 22 tRNA genes, two rRNA subunits, and a major non-coding region known as the A+T-rich region in insects [5] . The complete mitogenome of H. cunea consists of 15 481 bp, which is well within the range observed in the completely sequenced lepidopteran insects, with size ranging from 15 140 in A. melete to 15 928 in Japanese B. mandarina (Table 4 ). The gene order and orientation of the H. cunea mitogenome are identical to the completely sequenced lepidopteran mitogenomes. By the translocation of tRNA Met to a position 5' upstream of tRNA Ile , the lepidopteran arrangement differs from that of D. yakuba, the hypothesized ancestral gene order of insects [36] . This suggests that the mitochondrial gene arrangement in lepidopteran insects evolved independently after splitting from its stem lineage [24] .
Genome composition and skewness
The genome composition of the major strand of the H. cunea mitogenome is heavily biased toward As and Ts, accounting for 80.38%: A 40.58%, G 7.55%, T 39.80% and C 12.07%, as is the case with other insect sequences ( Table 4 ). The bias value is similar to the completely sequenced lepidopteran insects, with the range from 77.84% in O. lunifer to 82.66% in C. raphaelis. The A+T content in the sequence of the A+T-rich region is 94.96%, also within the range observed in the completely sequenced lepidopteran insects, with the value from 89.17% in A. melete to 98.25% in P. atrilineata. J-strand, majority-coding strand; N-strand, minority-coding strand; Non, non-coding region; OL, overlapping region. The lepidopteran AT skewness values vary from -0.047 in C. raphaelis to 0.059 in B. mori (Table 4) In all sequenced lepidopteran mitogenomes, the GC skewness values vary from -0.158 in C. raphaelis to -0.318 in O. lunifer with the H. cunea mitogenome exhibiting a moderate skewness value (-0.230), referring to the occurrence of more Cs than Gs in the lepidopteran mitogenomes.
Protein-coding genes
All of the PCGs in the H. cunea mitogenome are initiated by typical ATN codons (six with ATG, three with ATT, and three with ATA), except for COI ( Table  3 ). The open reading frame of the H. cunea COI gene also starts at a CGA codon for arginine as found in all lepidopteran insects (Fig. 2) . The typical ATN initiator for mitochondrial PCGs is also not found at the start site for H. cunea COI or near the tRNA Tyr . The plausible translation initiator for H. cunea COI is ATA, located within the tRNA Tyr gene, overlapping 19 bp with the tRNA Tyr ; however, a codon following this triplet has a TAG-stop codon before the CGA codon. This ATA sequence is unlikely to be the start site for H. cunea COI, and there are no other probable start codons for H. cunea COI. Thus, the COI gene must use an atypical start site. In the previous studies, some tetranucleotide (ATAA, TTAA, GTAA and ATTA) and a hexanucleotide (ATTTAA) have been proposed as an initiator of COI for Diptera insects including mosquitoes and Drosophila [34, [37] [38] [39] [40] [41] . Among the completely sequenced lepidopteran insects, including A. pernyi, A. yamamai, B. mori, B. mandarina, and C. raphaelis, the TTAG has been designated as an initiator for COI [13, 14, 17, 18] , however, Ostrina species were designated as ATTTAG [20] , and A. issoria and C. boisduvalii were designated as TTG [15, 22] , and six species (A. honmai, A. melete, E. pyretorum, M. sexta, P. atrilineata, and O. lunifer) were designated as CGA [11, 12, 16, 19, 21, 23] . A recent study by analysis of the transcript information from the cDNA sequence of the mtDNA-encoded protein gene revealed that the translation initiation codon for the COI gene is TCG (Serine), rather than those atypical and longer codons in Diptera [41] Therefore, we tentatively designated the CGA as the COI start codon although no mRNA expression data for H. cunea are available until now. Nine of 13 PCGs in H. cunea harbor the usual termination codon TAA, but the remaining four possess the incomplete termination codons T for COI, COII, ND4, and TA for ATP6 ( Table 3 ). The COI, COII, and ND4 terminate with T exactly adjacent to tRNAs, and ATP6 terminate with TA immediately followed by the ATG translation initiation codon of COIII. These incomplete stop codons are commonly found in metazoan mitochondrial genes [33] . The common interpretation of this phenomenon is that TAA termini are created via posttranscriptional polyadenylation [42] .
The Relative Synonymous Codon Usage (RSCU) in PCGs was investigated and the results are summarized in Table 5 . In PCGs of the H. cunea mitogenome, the codons CCG, GCG, TGC, CGC, AGC, and AGG are not represented. The genome-wise A+T bias is also reflected in the codon usage of H. cunea mitogenome. The codons TTA (Leu), ATT (Ile), TTT (Phe), and ATA (Met) are the four most frequently used codons in the H. cunea mitogenome, accounting for 39.2%. These codons are all composed of A or T nuleotides, thus indicating the biased usage of A and T nucleotides in the H. cunea PCGs. These four codons were also most frequently used in the sequenced lepidopteran insects. Leucine (14.82%), isoleucine (11.99%), phenylalanine (9%), and serine (8.52%) are the most frequent amino acids in H. cunea mitochondrial proteins, accounting for 44.33%. These amino acids are also the most frequently represented in other insects, averaging 45.08% [43] . 
rRNA genes and tRNA genes
As in all other insect mitogenome sequences, two rRNA genes are present in H. cunea. They are located between tRNA Leu (CUN) and tRNA Val , and between tRNA Val and the A+T-rich region, respectively. The length of the H. cunea lrRNA is 1 426 bp, which is the longest among the available completely sequenced lepidopteran insects, with the size range from1 412 bp in D. saccharalis to 1 319 bp in A. melete. The length of the H. cunea srRNA is 808 bp, which is well within the range observed in the available completely sequenced lepidopteran insects, with the size range from 806 bp in O. lunifer to 774 bp in C. boisduvalii.
The H. cunea mitogenome harbors 22 tRNA genes, which are scattered around the molecule (Table  2 ; Fig. 1 ). The predicted secondary structure of the H. cunea tRNAs are shown in Fig. 3 . Twenty tRNA genes were identified by tRNAscan Search [29] . These 20 tRNA genes vary from 63 bp (tRNA Cys ) to 71 bp (tRNA Lys ) in size, and present a typical clover-leaf secondary structure of previously published mitochondrial tRNA genes. The H. cunea tRNA Ser (AGN) and tRNA Ser (UCN) genes not identified by tRNAscan-SE Search were determined to be 66 bp and 68 bp in size, respectively. Their sizes were determined by comparing the conserved relative genome position and sequence similarity with other lepidopteran mitogenome sequences. The tRNA Ser (UCN) also shows a typical clover-leaf secondary structure. However, the tRNA Ser (AGN) presents an unusual secondary structure lacking a stable stem-loop structure in the DHU arm, which has been observed in several other metazoan species including insects [4] . The anticodons are identical to those observed in other lepidopteran insects.
A total of 23 unmatched base pairs occurred in the H. cunea tRNA genes. Twelve of 22 tRNA genes, including tRNA Gln , tRNA Trp Thr , and tRNA Val , were found to have 18 G-U mismatches in their secondary structures, which forms a weak bond. Three U-U mismatches were found in the amino acid acceptor stem of tRNA Ala , tRNA Leu (CUN) , and tRNA Leu (UUR). The tRNA Thr gene was proposed to contain an A-A mismatch in the TψC stem, and the tRNA Ser (AGN) gene contained an A-A mismatch in the anticodon stem. Moreover, the tRNA His and tRNA Lys genes were found to contain an extra nucleotide A in the TψC stem, respectively. Mismatches observed in tRNAs can be corrected through RNA-editing mechanisms that are well known for arthropod mtDNA [44] . The number of mismatches in the H. cunea is similar to those observed in other available lepidopteran insects: 24 in A. pernyi [13] , and 24 in E. pyretorum [16] ; but lower than in O. lunifer where 35 mismatches were found [11] . No mechanism, however, has been deduced for such high numbers of mismatches in insect mitochondrial tRNAs. 
Noncoding and overlapping regions
The H. cunea mitogenome harbors a total of 230 bp intergenic spacer sequences, which are spread over 18 regions ranging in size from 1 to 50 bp (Table 3) . The largest intergenic spacer sequence is present between tRNA Gln and ND2 gene, with an extreme richness in A and T nucleotides (92%). This spacer is not found in non-lepidopteran insect species [19] , but is found to be a feature common to the 21 lepidopteran mitogenomes which have been sequenced to date. By alignment analysis, whilst invariant between each of the congeneric species-pairs which have been examined (O. furnicalis and O. nubilalis; B. mori and B. mandarina; A. pernyi and A. yamamai), this region showed limited sequence conservation between even closely related lepidopteran groups such as within Bombycoidea or between bombycoids and other macrolepidopterans [11, 19] , indicating it would imply no functional significance or might not serve as another origin of replication [15] .
Additionally, two other intergenic spacer sequences of more than 20 bp are present between tRNA Ser (AGN) and tRNA Glu (21 bp) , and between tRNA Ser (AGN) and ND1 (34 bp), respectively. The spacer region of 34 bp also contains the ATACTAA motif [19] , which is conserved across the Lepidoptera order (Fig. 4) . This 7 bp motif is possibly fundamental to site recognition by the transcription termination peptide (mtTERM protein) [45] . This region is present in most insect mtDNAs even if the nucleotide sequence can be quite divergent [19] .
Eighteen base pairs were identified as overlapping sequences varying from 1 to 8 bp in four regions ( Table 3 ). The longest overlap is 8 bp between tRNA Trp and tRNA Cys . Similarly sized overlaps are also observed in other sequenced lepidopteran species [14] . The 7 bp overlap with the reading frame involving the ATP8/ATP6 genes was found. This feature is common to other sequenced lepidopteran mitogenomes, and was found in many animal mitogenomes [5] . As for the two remaining overlaps, one is 1 bp between tRNA Lys and tRNA Asp , the other is 2 bp between tRNA Glu and tRNA Phe . (UCN) and ND1 of lepidopteran insects. The shaded ATACTAA motif [19] was conserved across the Lepidoptera order.
A+T-rich region
The H. cunea A+T-rich region is located between the srRNA gene and tRNA Met (Table 3 ; Fig. 1 ), which includes the origin sites for transcription and replication [45] . This region was identified to be 357 bp in length, which is well within the range observed in the completely sequenced lepidopteran insects, with size ranging from 319 bp in O. lunifer to 747 bp in Japanese B. mandarina (Table 4 ). The A+T-rich region shows the highest A+T content (94.96%) of any region of the H. cunea mitogenome.
The presence of extra tRNA-like structures in the A+T-rich region has been reported in the lepidopteran insects. In the case of Chinese B. mandarina, one tRNA Ser (TGA)-like sequence is located within the A+T-rich region forming a structure with four stem-loops and one big loop [18] . In A. yamamai A+T-rich region, two tRNA-like structures are present:
tRNA Ser (UCN)-like sequence and tRNA Phe -like sequence, which possess the proper anticodon and form a clover-leaf structure, indicating they may be functional although there are many mismatches in both aminoacyl and anticodon stem regions [14] . However, no tRNA-like structure was detected in the H. cunea A+T-rich region.
The presence of varying copy numbers of tandemly-repeated elements has been reported to be one of the characteristics of the insect A+T-rich region [7] . Some lepidopteran insects have been observed to possess the repeat element in the A+T-rich region. In the case of Antheraea, the A. pernyi A+T-rich region harbors a repeat element of 38 bp tandemly repeated six times [13] , whereas the A. roylei A+T-rich region has five repeat elements [9, 13] . In Japanese B. mandarina, the A+T-rich region harbors a tandem triplication of a 126 bp repeat unit, whereas in B. mori and Chinese B. mandarina the A+T-rich region has only one repeat element [17, 18] . It has also been reported that Arethusana arethusa (Nymphalidae: Satyrinae), Leptidea sinapis (Pieridae), and Parnassius apollo (Papilionidae) have a longer A+T-rich region (~500-700 bp), due mainly to an increase in the size and copy number of repeat units [46] . However, the H. cunea A+T-rich region is comprised of non-repetitive sequences, but harbors several features (Fig. 5) common to the Lepidoptera A+T-rich region [11, 19] . In B. mori, the O N (origin of minority or light strand replication) is located 21 bp downstream from srRNA gene, which contains the motif ATAGA followed by an 18 bp poly-T stretch [47] . A very similar pattern occurs in H. cunea where the ATAGA motif is located 20 bp downstream from srRNA gene and is followed by an 18 bp poly-T stretch. A microsatellite-like (AT) 8 element preceded by the ATTTA motif is present in the 3' end of the H. cunea A+T-rich region. The presence of a microsatellite preceded by the ATTTA motif is common in the control regions of insect mitogenomes, and has been found in all other lepidopteran species which have been sequenced [19] . Finally, an 11 bp poly-A is present immediately upstream tRNA Met . This poly-A element is still a common feature of the A+T-rich region in Lepidoptera [19, 46] . This sequence has been suggested to be involved in the control of transcription and/or replication initiation in other insects or have some other unknown functional role [7] .
Phylogenetic relationships
To place the H. cunea mtDNA sequence in perspective relative to other lepidopteran insect mitogenomes and to probe into the phylogenetic relationships among the lepidopteran superfamilies, a data set containing the concatenated amino acid sequences of 13 PCGs was generated. The sequences of the 13 PCGs were concatenated, rather than analyzed separately, to reconstruct the phylogenetic relationships, which may result in a more complete analysis [48] . The final alignment resulted in 3838 amino acid sites for the 19 ingroup and two outgroup taxa, including gaps. Of these sites, 1606 were conserved, 2170 were variable, and 1555 were informative for parsimony. The MP and NJ analyses generate overall similar topology except for the branching superfamily among A. honmai, and Papillonoidea species (Fig. 6) . The phylogenetic analyses support a close relationship between H. cunea and L. dispar with 100% bootstrapping value, which is consistent with the morphological classification. The phylogenetic analyses also support a sister relationship between Noctuoidea (H. cunea, L. dispar, and O. lunifer) and Geometroidea (P. atrilineata).
The M. sexta is sometimes placed in their own superfamily Sphingidea. However, phylogenetic analyses based on the complete mitogenome in this study strongly support the placement within the superfamily Bombycoidea, which is consistent with the previous findings by morphological analysis [49] and by molecular analysis based on some nuclear genes [50] . These 19 sequences represent six superfamilies within the lepidopteran suborder: Bombycoidea, Geometroidea, Noctuoidea, Papillonoidea, Pyraloidea, and Tortricidea. Based on morphological analysis, Bombycoidea, Noctuoidea, Papillonoidea and Geometroidea are designated as the Macrolepidoptera; Pyraloidea together with Macrolepidoptera are designated as Obtectornera; Tortricoidea is the sister to the remaining lepidopteran superfamilies covered in the present study (Fig. 6A) [49] . In the phylogenetic trees constructed (Fig. 6B and C) , the butterflies of Papillonoidea (A. melete, A. issoria, and C. raphaelis) are sisters to the remaining lepidopteran superfamilies, also showing a basal position within the monophyly of Lepidoptera [16] . This result is different to the traditional morphological analyses (Fig. 6A) . Also, recent phylogenetic analyses of 123 species representing 27 superfamilies of Ditrysia based on five protein-coding nuclear genes (6.7 kb total) provide sufficient information to conclusively demonstrate that several prominent features of the current morphology-based hypothesis, including the position of the butterflies, need revision [51] . These results present in this study suggest that the complete insect mitogenome sequence has a power to resolve the majority of family relationships within superfamilies, however, the deeper nodes among superfamilies need more efforts. Kristensen and Skalski (1999) [50] . Phylogenetic trees inferred from amino acid sequences of 13 PCGs of the mitogenome by using MP analysis (B) and NJ analysis (C). Drosophila yakuba [33] and Anopheles gambiae [34] were used as outgroups. The numbers above branches specify bootstrap percentages (1000 replicates).
